finite size scaling is fulfilled over a very broad range of values of N which are of interest in several protocols in quantum information.
l C(2) ¼ 0.108 lnjl 2 l c j þ const. In this case also, the data collapse and finite size scaling (Fig. 3 ) agree with the expected scaling behaviour, n ¼ 1. This completes the analysis of entanglement for the one-dimensional Ising model.
A cornerstone of the theory of critical phenomena is the concept of universality-that is, the critical properties depend only on the dimensionality of the system and the broken symmetry in the ordered phase. Universality in the critical properties of entanglement was verified by considering the properties of the family of models defined in equation (1) with g -1.
Second, we consider the case for g -1. The range of entanglement y E is not universal. The maximum possible distance between entangled pairs increases and tends to infinity as g tends to zero. From the asymptotic behaviour of the reduced density matrix 18 we find that y E goes as g 21 . This however has no dramatic consequences; the "total concurrence" S n C(n) stored in the chain is an increasing function of g (for 0 , g # 1, 0 , S n C(n) , 0.2). More interesting is the critical behaviour of the concurrence. To be specific we consider C(1) in the case g ¼ 0.5, shown in Fig. 4 . As it was obtained for the hamiltonian of equation (1), scaling is fulfilled with the critical exponent n ¼ 1 in agreement with the universality hypothesis.
The analysis of the 'resource' entanglement for a condensedmatter system close to a quantum critical point allows us to characterize both quantitatively and qualitatively the change in the wavefunction of the ground state on passing the phase transition. A notable feature which emerges is that though the entanglement itself is not an indicator of the phase transition, an intimate connection exists between entanglement, scaling and universality. In a way, this analysis allows us to discern what is genuinely quantum in a zero-temperature phase transition. The results presented here might be tested by measuring different correlation functions, for example with neutron scattering, and extracting from these the entanglement properties of the ground state close to the critical point 14 .
We finally discuss this work in the context of quantum computation. First, system sizes considered here (,10 3 ) could be those of a realistic quantum computer. Second, the scaling behaviour found could be a powerful tool to evaluate (and hence to use) entanglement in systems having different numbers of qubits. In particular, close to the critical point, the entanglement depends strongly on the field-so it could be tuned, realizing an 'entanglement switch'. Last, long-range correlations, typical of the critical region, might be of great importance in stabilizing the system against errors due to imperfections.
A A change in 'symmetry' is often observed when matter undergoes a phase transition-the symmetry is said to be spontaneously broken. The transition made by underdoped high-transitiontemperature (high-T c ) superconductors is unusual, in that it is not a mean-field transition as seen in other superconductors. Rather, there is a region in the phase diagram above the superconducting transition temperature T c (where phase coherence and superconductivity begin) but below a characteristic temperature T* where a 'pseudogap' appears in the spectrum of electronic excitations 1, 2 . It is therefore important to establish if letters to nature T* is just a cross-over temperature arising from fluctuations in the order parameter that will establish superconductivity at T c (refs 3, 4), or if it marks a phase transition where symmetry is spontaneously broken [5] [6] [7] [8] [9] [10] . Here we report that, for a material in the pseudogap state, left-circularly polarized photons give a different photocurrent from right-circularly polarized photons. This shows that time-reversal symmetry is spontaneously broken 11 below T*, which therefore corresponds to a phase transition.
We have investigated the time-reversal invariance of the electronic states of Bi 2 Sr 2 CaCu 2 O 8þd (Bi-2212) by ARPES (angleresolved photoelectron spectroscopy), which becomes sensitive to this symmetry by the use of circularly polarized photons 11 . The measured ARPES intensity I a is proportional to jM a j 2 , where the matrix element M a ¼ kpj O a jw(k)l describes the ejection of an electron from an initial state jw(k)l to a final state jpl, and the dipole operator O a contains the vector potential of a ¼ L (left) or a ¼ R (right) circularly polarized photons. The experimental setup is shown in Fig. 1 . It consists of a plane grating monochromator beamline at the Synchrotron Radiation Center in Wisconsin as a source of linearly polarized photons, quadruple reflection polarizer 12 , refocusing mirror, and the experimental chamber. It is crucial in this experiment, which is essentially measuring absolute intensity changes, to minimize beam movement, as extraneous intensity changes can occur from such movements. We therefore monitor the beam position, as shown in Fig. 1 , finding a small residual beam movement of 150 mm, which is compensated for by adjusting the experimental chamber position as the polarizer is rotated. In the experiment we wish to maximize the product TP 2 , where T denotes the transmission and P the polarization. In our experiment, this is accomplished with P ¼ 86%, as shown in Fig. 1d .
Thin-film Bi-2212 samples (1,000-2,000 Å thick, c axis perpendicular to the surface) of various dopings were grown using magnetron sputtering on a SrTiO 3 substrate. The choice of thinfilm samples was dictated by the requirement of absolute flatness. Another desirable property of these samples is the small superlattice signal, less than 3% in both ARPES and X-ray diffraction. Using synchrotron X-ray scattering, we have verified that there are no symmetry changes (for example, induced by the substrate) over the temperature range of the measurements (Fig. 1c) . The residual magnetization in the experimental chamber was 30 nT. The samples were cleaved in situ and measured at pressures ,3 £ 10 211 torr. The symmetry properties of the ARPES matrix elements can be determined with respect to a mirror plane m of the crystal, which is perpendicular to the surface. If we first consider, for simplicity, a time reversal symmetric initial state jw(k)l, we find two distinct cases: (1) if the vector describing the propagation of the light qˆg, the normal to the surface n , and the final state momentum p are not all in m, then there is circular dichroism arising simply from the experimental geometry, owing to the non-coplanarity of the three vectors in question. (2) If all three vectors q g , n and p lie in m, then there is no dichroism for time-reversal invariant initial states.
Although case (2) is the one that interests us, we first describe case (1), as this is a large effect, and needs to be correctly accounted for in the analysis of the data [13] [14] [15] . In Fig. 2a we show the geometrical arrangement for case (1) when q g and n lie in the mirror plane m Figure 1 Schematic layout and accuracy of the experimental arrangement. a, Experimental set-up. The energy resolution was chosen to be 30 meV. The analyser was operating in angle resolved mode, acquiring 21 energy distribution curves over a range of 58. The sample positioning precision was 25 mm. The samples were mounted in normal incidence geometry with a precision of 0.18 using the beamline integrated laser. During the experiment, the angular position of the samples was maintained to within 0.068 using an external laser beam. diagonal to the Cu-O bond direction, but the final state momenta p 1 at point M 1 , corresponding to (p,0), and p 2 at M 2 , corresponding to (0,p), are not in this plane. We can see in Fig. 2b and c that the intensity of the spectra at M 1 for the left-circularly polarized (LCP) light is bigger than that for the right-circularly polarized (RCP) light. This situation is exactly opposite at the point M 2 , as expected, because this point is a mirror reflection of the point M 1 about m (ref. 14) . On the other hand, when the three vectors q g , n and p are all in a mirror plane m, as illustrated in Fig. 2d where m is the mirror plane along the Cu-O bond direction, there is no dichroism (although the Cu-O bond direction is strictly speaking not a symmetry direction of the crystal in the presence of a superlattice on the Bi-O plane, it was found experimentally 16 , and confirmed here, that it is in fact a symmetry direction for the CuO 2 planar electronic states). This is seen in Fig. 2e , where we plot spectra obtained at point M 1 that is now in m. In this case, the spectra have equal intensities to an accuracy of^0.06%, which sets the overall accuracy of the experiment. As a test, in Fig. 2f we also show spectra from polycrystalline Au, which also do not exhibit dichroism as the orientation of mirror planes is random.
The interesting situation arises when the initial state jw(k)l breaks time-reversal symmetry characterized by an order parameter v. Therefore for k in some mirror planes m, jw(k)l is not an eigenstate of the reflection operator, even though the charge density retains the same lattice symmetries as for v ¼ 0. In this case, it has been shown quite generally 15 and for a particular case 11 that there is a difference in photoelectron intensity for LCP and RCP light even for k in m (where the geometrical effect is absent). This effect, proportional to v, is even for small variations of k about the mirror plane (while the geometric effect is odd). In order to experimentally detect such a time reversal symmetry breaking (TRSB) state we can plot the energy-integrated intensity 17 (2600 to 100 meV about the chemical potential) of the ARPES signal as a function of the momentum over a very small range (1/20 of the Brillouin zone) along a section perpendicular to the mirror plane. In the absence of TRSB, the energy-integrated intensity as a function of momenta will be a straight line, with the slope changing sign for the opposite circular polarization because of the odd symmetry of the geometrical effect. The two lines will cross at the mirror plane where both LCP and RCP intensities are equal. If upon cooling a TRSB state emerges, it will lead to a difference between the RCP and LCP at the symmetry plane.
In Fig. 3a we show the experimental geometry, and Fig. 3b shows the energy-integrated intensity I L and I R as a function of momentum along a section indicated in Fig. 3a for an overdoped (T c ¼ 64 K) sample which does not exhibit a pseudogap 1, 2 , as seen from the energy spectra at k f in Fig. 3d . In Fig. 3c we plot the dichroism signal D ¼ (I R 2 I L )/(I R þ I L ) obtained from the data shown in Fig. 3b . We see that the dichroism signal is independent of temperature and vanishes at the mirror plane, indicating the absence of TRSB in this sample (The non-zero D away from the mirror plane is just the geometric effect discussed above).
We now perform the same measurements on an underdoped sample with a T c of 85 K, which has a pseudogap and therefore does exhibit a change of the leading edge position of the photoemission spectrum with temperature (Fig. 3h) . The momentum dependence of the integrated intensity, Fig. 3f , shows that at high temperatures the LCP and RCP data cross at the mirror plane and therefore there is no TRSB. However, when the sample is cooled to below T* where the pseudogap opens, we observe a shift of the crossing point of the RCP and LCP data. This shift (2.38) is much bigger than the temperature-induced structural changes (0.058), as seen in the rocking curves in Fig. 1 , and angular errors in the ARPES experiment (0.068). We therefore have to conclude that now the intensities for LCP and RCP are not the same at the mirror plane by a difference much bigger than any experimental uncertainty. This is seen more clearly in Fig. 3g , which shows the relative difference D for several temperatures. Each data point in Fig. 3 is the result of several measurements with alternating polarization directions. We further checked that subsequent warming of the sample through T* gave reproducible results, as shown in Fig. 3g , which rules out sample ageing as the origin of the effect. The constant value of the difference signal with energy (Fig. 3e) indicates that this effect is related to changes of the matrix elements and is not due to artefacts arising from changes in the spectral function 17 . This observation of dichroism at the mirror plane provides direct evidence for TRSB in the pseudogap state of Bi-2212.
Additional information about the observed effect can be obtained by examining its symmetry. At (p,0), the changes of D are independent of k along the small section perpendicular to the mirror plane (Fig. 3g ) and therefore the observed TRSB effect is even about the mirror plane along the Cu-O bond direction. Furthermore, from the dichroism data obtained from an underdoped sample (T c ¼ 78 K) at two adjacent M points (that is, M 1 ¼ (p,0) and M 2 ¼ (0,p)) shown in Fig. 4a and b, we conclude that the effect is odd with respect to the mirror plane diagonal to the Cu-O bond direction. These data were obtained by first measuring the spectra at M 1 for T ¼ 200 K, then cooling the sample and measuring at T ¼ 100 K (Fig. 4a) . While keeping the temperature constant, the sample was then rotated by 908 and M 2 was measured at low temperature. After this, the sample was warmed to 200 K and measured again (Fig. 4b) . At low temperatures, the RCP signal at M 1 is larger than the LCP signal and therefore D is positive. At M 2 the opposite occurs, and D is negative.
We have performed nine measurement sequences on four different underdoped and two overdoped samples. The sign and absolute value of the dichroism effect is different for different samples, which we attribute to a variation of the number of the two possible domains formed below T*. Most significantly however, the effect is only observed in underdoped samples below T*, never above. Our measurements on samples of different doping levels clearly establish that the effect is tied to the pseudogap line ( Fig. 4c and d) , leading us to conclude that time-reversal symmetry is broken in the pseudogap state of Bi-2212. We also find that, for underdoped samples, the breaking of time-reversal symmetry persists into the superconducting state.
A
